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This  i s  t h e  second of a series of t e c h n i c a l  r e p o r t s  of an 
O r b i t a l  Operat ions Study by the Natura l  Resources Research I n s t i t u t e  
sponsored l a r g e l y  by Grant No, N s G  652 of t he  Nat ional  Aeronautics 
and Space Adminis t ra t ion,  
u n i t s  of length  and t i m e  which were conceived during t h i s  s tudy of 
t h e  d a t a  a c q u i s i t i o n ,  conversion and u t i l i z a t i o n  problems of o r b i t a l  
ope ra t ions ,  It is  planned t h a t  t h i s  r e p o r t  be widely d i s t r i b u t e d  
and published elsewhere i n  order  t o  b r i n g  t h e  b a s i c  concepts  involved 
t o  the  c r i t i c a l  a t t e n t i o n  of  a l l  who could p r o f i t  by t h e i r  adopt ion 
f o r  o p e r a t i o n a l  use. 
opera t iona l  p o t e n t i a l i t i e s  of these u n i t s  a r e  a l s o  soon t o  be 
published under the  ( t e n t a t i v e )  t i t l es :  The Extent  of Gravispheres;  
Values of Naut ica l  Constants ;  A Naut ica l  D e f i n i t i o n  of Al t i tude .  
It proposes the  use of some new "naut ica l"  
Supplementary r e p o r t s  i l l u s t r a t i n g  s p e c i f i c  
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Purpose 
Some newly conceived u n i t s  of length and t i m e  are proposed 
he re  t o  f a c i l i t a t e  t h e  coordinat ion of space-time p o s i t i o n s  in ,  
e s p e c i a l l y ,  o r b i t a l  operat ions . 1 
Kinds of  Units ---
These new " c h a r a c t e r i s t i c  un i t s "  a r e  def ined as s p e c i f i c  
numerical m u l t i p l e s  of "primary standard u n i t s  of  measure" o r  
of f a m i l i a r ,  s i m i l a r l y  def ined,  "customary un i t s "  of length and 
t i m e  . 2 
Circumferent ia l  Units  of Length 
"Nautical f e e t ,  yards,  cha ins ,  miles, degs,  quads and 
circs", def ined as sexagesimal m u l t i p l e s  of t he  n a u t i c a l  m i l e ,  
are c h a r a c t e r i s t i c  o f  d i s t ances  a s soc ia t ed  with angular measures 
of p o s i t i o n  and t i m e  on the su r face  of t he  Earth.  3 
Radial  Units of Length 
part of  n t o  be 3437.75 n a u t i c a l  miles, i s  c h a r a c t e r i s t i c  of 
d i s t a n c e s  from t h e  c e n t e r  of t h e  Earth t o  i t s  surface.  
The "nau t i ca l  rad",  defined with a commensurate counter- 
Naut ical  Units of  Time 
The " n a u t i c a l  day, hour, minute and second", def ined so 
t h a t  e x a c t l y  366.25 n a u t i c a l  days are contained i n  a J u l i a n  
year ,  are c h a r a c t e r i s t i c  of t h e  r o t a t i o n  of t he  Earth with 
r e s p e c t  t o  both the  equinox and the  stars. 
5 
7 
Space-Time Coordinates 
i s t i c a l l y  use fu l  f o r  i n t e rcoord ina t ing  va lues  of 
These n a u t i c a l  u n i t s  of length and t i m e  are cha rac t e r -  
o angular and l i n e a r  h o r i z o n t a l  coord ina te s ,  
0 coordinates  f ixed  t o  t h e  Earth,  equinox and stars, and 
0 geometric, barometric and chronometric v e r t i c a l  coor- 
d i n a t e s .  9 
Conclusion 
These n a u t i c a l  u n i t s  of length and t i m e  might w e l l  be t h e  
key t o  a c u r r e n t l y  c r i t i c a l  u n i t s  problem of a e r o n a u t i c a l  and 
meteorological  ope ra t ions ,  and could f o r e s t a l l  t h e  development 
of a similar problem between the  a s t r o n a u t i c a l  and space-survey 
a spec t s  of o r b i t a l  operat ions.  14 
R e  f e rence s 17 
Tab l e  s I. Nautical  Units of Length 
11. Nautical  Units of Time 
111. Earth-Centered Kepler O r b i t s  
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PROPOSED NAUTICAL UNITS OF LENGTH AND TIME 
John C. Bellamy 
Natura l  Resources Research I n s t i t u t e ,  Univers i ty  of Wyoming 
1. Purpose 
The purpose he re  is  t o  d e f i n e  some u n i t s  of length  and time which 
might w e l l  be adopted as s tandards f o r  coord ina t ing  the  space-time p o s i t i o n s  
of  occurrences throughout,  e s p e c i a l l y ,  t he  Earth-centered r eg ion  of  t he  
universe .  
The need f o r  and p o t e n t i a l  u t i l i t y  of  t hese  u n i t s  have been der ived  
i n  an O r b i t a l  Operat ions Study with and f o r  t h e  Nat ional  Aeronautics and 
Space Administration. 
h e l p  e s t a b l i s h  more product ively e f f e c t i v e  ways of c o n t r o l l i n g  " o r b i t a l  
opera t ions" ,  def ined  t o  be "the act ivi t ies  of u t i l i z i n g  s a t e l l i t e s  i n  f ree-  
f a l l  o r b i t s  around, e s p e c i a l l y ,  t he  p l ane t  Earth".  The e f f e c t i v e n e s s  of 
such c o n t r o l  can be measured l a rge ly  by the  e x t e n t ,  q u a l i t y  and u t i l i t y  of 
t h e  s c i e n t i f i c ,  engineer ing and o p e r a t i o n a l  d a t a  t h a t  t he  o r b i t a l  ope ra t ions  
produce. The u t i l i t y  of such data can be measured, i n  t u r n ,  by how w e l l  
they serve  t o  coord ina te  the  space-time p o s i t i o n s  of occurrences throughout 
t he  reg ions  i n  which s a t e l l i t e s  ope ra t e  and which they observe.  
of l eng th  and t i m e  proposed here o f f e r  a means of making these  coord ina t ing  
ope ra t ions  much more conveniently and u s e f u l l y  product ive.  
I ts  purpose, as o u t l i n e d  i n  i t s  Plan of Study,' is  t o  
The u n i t s  
More s p e c i f i c a l l y ,  t h i s  O r b i t a l  Operat ions Study i s  concerned wi th  
b e t t e r  ways of por t ray ing  t h e  information contained i n  v a s t  amounts of 
q u a n t i t a t i v e  da t a .  Inherent  to t h i s  problem i s  t h e  s e l e c t i o n  of cha rac t e r -  
i s t i c a l l y  appropr i a t e  u n i t s  with which t o  formulate  the  q u a n t i t a t i v e  va lues  
t o  be portrayed.  It i s  e spec ia l ly  important t h a t  appropr i a t e  space-time 
coord ina te  systems and assoc ia ted  u n i t s  of l eng th  and t i m e  be found, def ined 
and used. Otherwise the  basic  goa l  of "por t ray ing  c l e a r  numerical  p ic  tu res"  
of  the occiirrences of i n t e r e s t  has been found t o  verge upon the  impossible.  
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2. Kinds of Units 
It i s  u s e f u l  f o r  t h i s  purpose t o  recognize t h r e e  general  classes 
of u n i t s .  The f i r s t ,  which can  be c a l l e d  "primary s tandard u n i t s  of mea- 
sure ' ; ,  i s  t h a t  class of b a s i c  u n i t s  i n  terms of which a l l  o t h e r  u n i t s  are 
def ined as p a r t i c u l a r  numerical mu l t ip l e s .  Cur ren t ly  i t  includes the  orange- 
r ed  s p e c t r a l  l i n e  of Krypton 86 f o r  l eng th ,  t h e  I n t e r n a t i o n a l  Prototype 
Kilogram f o r  mass, and the  t r o p i c a l  year  of  1900, January,  0 days,  12  hours  
f o r  t i m e  . 
The second class of u n i t s  can be c a l l e d  " c h a r a c t e r i s t i c  un i t s "  
i n  the sense t h a t  they a r e  defined t o  be c h a r a c t e r i s t i c  of some p a r t i c u l a r  
n a t u r a l  occurrence. For example, t h e  l eng th  of  t h e  I n t e r n a t i o n a l  Prototype 
Meter was o r i g i n a l l y  e s t a b l i s h e d  so t h a t  as n e a r l y  10,000,000 meters as 
p r a c t i c a b l e  would be contained in  a meridianal  quadrant of t he  E a r t h ' s  
surface.  S i m i l a r l y  t h e  mass o f  t h e  I n t e r n a t i o n a l  Protoptype Kilogram was 
e s t a b l i s h e d  so t h a t  it i s  as nea r ly  equ iva len t  as p r a c t i c a b l e  t o  the  mass 
of 1,000 cubic centimeters of  water. The per iod of  a second was s e l e c t e d  
SO t h a t  as n e a r l y  86,400 seconds as p r a c t i c a b l e  would be contained i n  each 
solar day. 
by s e l e c t i n g  1,650,763.73 as the de f in ing  number of Krypton 86 wave l e n g t h s  
i n  a meter, and by s e l e c t i n g  31,556,925.974 7 as the de f in ing  number of 
ephemeris seconds i n  t h e  1900.0 t r o p i c a l  year .  
These c h a r a c t e r i s t i c s  have been maintained i n  cu r ren t  d e f i n i t i o n s  
The t h i r d  c l a s s  of u n i t s  can be c a l l e d  "customary uni ts" .  They 
are u n i t s  with which many people are accustomed, o r  whose use maintains  a 
c o n t i n u i t y  of knowledge and da ta  der ived from and a s soc ia t ed  with w e l l  
e s t a b l i s h e d  custom. Such "customary un i t s "  thus include " c h a r a c t e r i s t i c  
un i t s "  such as t h e  meter and kilogram which by now have become customary 
f o r  many people and purposes. In  p a r t i c u l a r ,  the metric u n i t s  of t h e  
I n t e r n a t i o n a l  System of Units f a l l  i n t o  the  class of "customary un i t s "  
i n  comparison wi th  t h e  newly proposed " c h a r a c t e r i s t i c  un i t s "  of  concern 
h e r e .  
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In  b a s i c  p r i n c i p l e  the u n i t s  proposed h e r e  are def ined as p a r t i c -  
u l a r ,  app ropr i a t e ly  s e l e c t e d ,  numerical m u l t i p l e s  of  the primary s tandard 
u n i t s  of measure. It i s  f r equen t ly  more convenient,  however, t o  de f ine  them 
2 
as being convenient numerical mu l t ip l e s  of some o t h e r ,  previously def ined,  
u n i t s .  I n  such cases t h e i r  b a s i c  d e f i n i t i o n s  are understood t o  be t h e  
complete (or non-rounded) numerical products of however many such de f in ing  
numbers might be required t o  express them e x p l i c i t l y  i n  terms of primary 
s tandard u n i t s  of measure. 
3. Circumferent ia l  Units of  Length --
For example, t he  i n t e r n a t i o n a l  n a u t i c a l  m i l e  i s  now defined t o  be 
t h a t  c h a r a c t e r i s t i c  u n i t  of  length which con ta ins  e x a c t l y  1,852 meters. 
d e f i n i t i o n  implies  t h a t ,  i n  b a s i c  p r i n c i p l e ,  t he  n a u t i c a l  m i l e  i s  def ined t o  
c o n t a i n  e x a c t l y  1,852 t i m e s  1,650,763.73 o r  e x a c t l y  3,057,214,427.96 wave 
l e n g t h s  of t h e  primary s tandard Krypton 86 spectral l i n e .  
f e a t u r e  of t h e  n a u t i c a l  m i l e  i s  t h a t  i t  i s  as t y p i c a l l y  r e p r e s e n t a t i v e  as 
p r a c t i c a b l e  of t he  length of one minute of g r e a t - c i r c l e  arc anywhere on the  
E a r t h ' s  surface.  
i t  has  long been used, and i s  increasingly being used, as the  primary u n i t  
o f  l eng th  i n  ope ra t ions  such as n a u t i c a l  and ae ronau t i ca l  navigat ion.  
This  
The c h a r a c t e r i s t i c  
The n a u t i c a l  m i l e  i s  a l s o  a customary u n i t  of  l eng th  s ince  
The n a u t i c a l  m i l e  is a l so  t y p i c a l l y  r e p r e s e n t a t i v e  of t h e  newly 
conceived c h a r a c t e r i s t i c  u n i t s  being proposed he re .  
and kilogram a l l  share  the  common purpose of  providing f o r  convenient coor- 
d i n a t i o n  of t he  va lues  of two o r  more a s soc ia t ed  th ings .  
kilogram, it has been def ined so  t h a t  t h e  mass of any amount of water, when 
expressed numerically i n  kilograms, w i l l  be as n e a r l y  equal  as p r a c t i c a b l e  
t o  t h e  volume of t h a t  amount o f  water expressed i n  e i t h e r  l i t e rs  o r  thousands 
of cub ic  cent imeters .  In  the case of  t h e  n a u t i c a l  m i l e  and t h e  meter, they 
have both been defined t o  provide f o r  as near  numerical equivalence as 
p r a c t i c a b l e  between angular  and l i n e a r  measures of  h o r i z o n t a l  d i s t a n c e s  between 
any and a l l  po in t s  on the surface of t he  Earth.  
They as w e l l  as t h e  meter 
I n  t h e  case of t h e  
The conceptual d i f f e rence  between the  n a u t i c a l  m i l e  and the  meter 
i s  thus  only t h a t  they are t o  be used with d i f f e r e n t  angular  u n i t s .  
t h e  degree-minute-second system of angular measure i s  used t o  eva lua te  l a t i t u d e s  
and loneitides,  then the iise of the n a u t i c a l  m i l e  provides f o r  t he  des i r ed  n e a r  
When 
3 
numerical equivalence of  angular  and l i n e a r  d i s t a n c e s .  I f ,  on the  o t h e r  
hand, l a t i t u d e s  and longi tudes were t o  be evaluated with t h e  decimal (or  
100 grad p e r  quadrant) u n i t s  o f  angular measure, then the  d e s i r e d  near  
numerical equivalence would be provided by us ing  t h e  meter as t h e  u n i t  f o r  
eva lua t ing  h o r i z o n t a l  d i s t a n c e s .  
Evident ly  the  choice of sexagesimally u n i t s  of  l eng th  and angle 
i s  advantageous f o r  many purposes. Espec ia l ly ,  t h e i r  s i m i l i a r i t y  t o  t h e  
hour-minute-second u n i t  of t i m e  provides f o r  a h i g h l y  d e s i r a b l e  near- 
numerical-equivalence of  va lues  of a l l  t h r e e  of  time and angular  and l i n e a r  
d i s t a n c e s  on t h e  su r face  of t h e  Earth.  
of excep t iona l ly  convenient and use fu l  u n i t s  of angular and l i n e a r  v e l o c i t i e s  
and a c c e l e r a t i o n s ,  of which t h e  e x p l i c i t  u n i t  of v e l o c i t y  c a l l e d  the  knot 
i s  an outs tanding example. 
It thereby a l s o  provides  f o r  t he  use 
Greater use of t h i s  way of  i n t e r c o o r d i n a t i n g  va lues  of ang le s ,  
l e n g t h s ,  times, v e l o c i t i e s  and acce le ra t ions  can be achieved by de f in ing  and 
using a more complete, sexagesimally r e l a t e d ,  se t  of  u n i t s  of length.  Toward 
t h i s  end, t he  " n a u t i c a l  f o o t ,  chain and span", def ined t o  be 1/6000, 1/60 
and 60 t i m e s  t he  l eng th  of a n a u t i c a l  m i l e ,  have r e c e n t l y  been proposed. 
Their  u t i l i t y  stems from the  f a c t  t h a t  they are t y p i c a l l y  r e p r e s e n t a t i v e  o f  
t he  length of one cent isecond,  one second and one degree,  r e s p e c t i v e l y ,  of 
g r e a t - c i r c l e  arcs anywhere on the su r face  of t h e  Earth.  
394 
3 $ 4  One of s e v e r a l  advantageous c h a r a c t e r i s t i c s  of t hese  p a r t i c u l a r  
n a u t i c a l  u n i t s  of length i s  t h a t  two of them are v i r t u a l l y  customary u n i t s .  
The length of one n a u t i c a l  f o o t  o r  cha in  f o r t u i t o u s l y  d i f f e r s  from the l eng th  
of t he  now customary f o o t  o r  engineer 's  100 f o o t  cha in  by only about 1 p a r t  
i n  80, o r  by only about one and one q u a r t e r  percent .  
who are now accustomed t o  thinking i n  terms of f e e t  and cha ins  can as r e a d i l y  
t h i n k  i n  t e r m s  of n a u t i c a l  f ee t  and cha ins .  For example, they could r e a d i l y  
u t i l i z e  a " n a u t i c a l  yard" whenever it might be advantageous t o  do so without  
having t o  de f ine  i t  formally.  I t  i s  q u i t e  s e l f - ev iden t  from i t s  name t h a t  
a n a u t i c a l  yard i s  equal  t o  3 n a u t i c a l  f e e t ,  o r  t h a t  e x a c t l y  2,000 n a u t i c a l  
yards  a r e  contained i n  a nau t i ca l  m i l e ,  o r  t h a t  a n a u t i c a l  yard i s  e x a c t l y  
equa l  t o  1,852/2,000 o r  0.926 meters. 
Consequently those 
4 
Evident ly  the  choice of t he  names "nau t i ca l  foot"  and " n a u t i c a l  
chain'' w a s  a p t  s i n c e  those names, of themselves,  can lead  t o  the  use of 
u n i t s  such as a "nau t i ca l  pace o r  fathom", a " n a u t i c a l  yard" o r  even a 
" n a u t i c a l  inch" in so fa r  a s  i t  m i g h t  be d e s i r a b l e  t o  do so f o r  some p a r t i c u l a r  
purpose. I n  c o n t r a s t ,  t he  name " n a u t i c a l  span'' n e i t h e r  conveys a concept of  
i t s  size nor i n f e r s  what o t h e r  r e l a t ed  u n i t s  might be. Consequently i t  i s  
suggested here  t h a t  t he  name "nau t i ca l  deg" could b e t t e r  be used t o  i d e n t i f y  
t h a t  60 n a u t i c a l  m i l e  u n i t  of length which i s  t y p i c a l l y  c h a r a c t e r i s t i c  of 
t he  length of one degree of a r c  on the  E a r t h ' s  sur face .  
c a l l e d  the  " n a u t i c a l  quad" and "nau t i ca l  c i r c "  could then be used i n s o f a r  
as i t  might be u s e f u l  t o  do so. It would be v i r t u a l l y  se l f - ev iden t  t h a t  
they r e f e r  t o  u n i t s  of length which con ta in  e x a c t l y  90 and 360 n a u t i c a l  degs, 
and which are t y p i c a l l y  c h a r a c t e r i s t i c  of t h e  length  of  quadrants and cir-  
cumferences of t he  E a r t h ' s  su r f  ace. 
Units of length  
4 .  Radial  Unit of Length 
I n  t h i s  respect, the  e n t i r e  biosphere i n  which we and ou r  support ing 
f l o r a  and fauna live is a l l  a t  very n e a r l y  the  same d i s t ance  from the  c e n t e r  
of t he  Ear th .  Consequently the  task  of coord ina t ing  p o s i t i o n s  has  he re to fo re  
been concerned p r imar i ly  w i t h  ho r i zon ta l  p o s i t i o n s ,  and i t  i s  g r e a t l y  s i m p l i -  
f i e d  by de f in ing  and using the  preceding k inds  of c h a r a c t e r i s t i c  subdiv is ions  
of t he  Ea r th ' s  h o r i z o n t a l  circumference.  It has  a l s o  been of more academic 
than ope ra t iona l  importance how f a r  from the  c e n t e r  of the  Earth the  th in-  
s h e l l  biosphere happens t o  be, or what e x p l i c i t  r a d i a l  d i s t ance  happens t o  
be a s soc ia t ed  wi th  these  n a u t i c a l  subd iv i s ions  of the  Ea r th ' s  circumference.  
Now t h a t  we have s t a r t e d  t o  explore ,  t r a v e l  and l i ve  o u t s i d e  t h i s  
t h i n - s h e l l  biosphere,  however, t h e  v e r t i c a l  o r  r a d i a l  dimension has  been 
added t o  the  ope ra t iona l  problem of coord ina t ing  pos i t i ons .  
engendered a need t o  de f ine  and u t i l i z e  u n i t s  of length  which are cha rac t e r -  
i s t i c  of  r a d i a l  r a t h e r  than c i r cumfe ren t i a l  d i s t ances .  For example, i t  i s  
v e r y  convenient ly  important t o  be a b l e  t o  u t i l i z e  whichever of t he  n a u t i c a l  
mi le  o r  t he  n a u t i c a l  deg might b e t t e r  se rve  a p a r t i c u l a r  purpose, even though 
This  has  i n  t u r n  
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t he  conversion f a c t o r  between them i s  the  r e l a t i v e l y  simple number s i x t y .  
I n  comparison, s i x t y  i s  a much simpler conversion f a c t o r  than those which 
involve the incommensurable ra t io  of r[ between c i r c u m f e r e n t i a l  and r a d i a l  
measures of length.  
The t a s k  of s e l e c t i n g  an appropriate  c h a r a c t e r i s t i c  u n i t  of l eng th  
f o r  r a d i a l  d i s t a n c e s  is  no t ,  however, d i f f i c u l t  once the  need f o r  i t  is  
recognized. 
3,437.7460 . n a u t i c a l  miles) is t y p i c a l l y  c h a r a c t e r i s t i c  of distezlces from 
t h e  center of t h e  Ea r th  t o  i t s  surface.  The d e s i r e d  r a d i a l  u n i t  of  l eng th  
can thus  w e l l  be def ined with a convenient, d e f i n i t e  number, coun te rpa r t  of 
t h i s  incornmensurable number. S p e c i f i c a l l y ,  it i s  recommended t h a t  i t  be 
def ined t o  be e x a c t l y  3,437.75 n a u t i c a l  miles. This choice provides,  among 
o t h e r  t h ings ,  t he  convenience of being e x a c t l y  equ iva len t  t o  a whole number 
(6,366,713) of meters, a whole hundreds number (6,875,500) of n a u t i c a l  yards ,  
and a whole hundreds number (20,626,500) of  n a u t i c a l  f e e t .  
C l e a r l y  t h e  l eng th  of t h e  n a u t i c a l  c i r c  divided by 2n (or about 
This r a d i a l  u n i t  of length might a p p r o p r i a t e l y  be c a l l e d  e i t h e r  
t h e  "nau t i ca l  radius ' '  or  t h e  "nau t i ca l  rad." The la t te r  name has  been 
der ived much as t h e  names "circ,  quad and deg" i n  terms of t h e i r  cha rac t e r -  
i s t i c  a s s o c i a t i o n s  and i s  recommended he re .  I n  the  expected event t h a t  t h e s e  
several n a u t i c a l  u n i t s  of l eng th  f i n d  wide acceptance and use,  t h e  a d j e c t i v e  
"naut ical"  is  l i k e l y  t o  be dropped i n  t h e i r  everyday use.  In  t h a t  event  
t h e  s i n g l e  word "radiust '  would be e n t i r e l y  u n s u i t a b l e ,  I n  add i t ion ,  t h e  many 
o t h e r  c l o s e l y  r e l a t e d  uses  of the word "radius" tends t o  make the  term 
" n a u t i c a l  radius" connote more some kind of phys i ca l  cons t an t  t o  be measured 
than a u n i t  of l eng th  with which t o  measure. This  l a te r  connotat ion i s  
c l e a r l y  a s soc ia t ed  with names such as m i l e ,  f o o t  and meter and could w e l l  
soon become as soc ia t ed  with t h e  name "rad". 
The f u l l  name "nau t i ca l  rad" seems t o  be e s p e c i a l l y  appropr i a t e .  
It i s ,  f o r  example, t y p i c a l l y  r ep resen ta t ive  of any one of t he  semi-diameters 
of  t h e  Earth which a s t r o n a u t s  might observe i n  the  f u t u r e  i n  o r d e r  t o  d e t e r -  
mine t h e i r  d i s t a n c e s  from t h e  Earth.  
i s  ind ica t ed  by t h e  l eng ths  of t h e  semi-major and semi-minor axes of t he  
I n t e r n a t i o n a l  Reference E l l i p s o i d  of the Earth.  These s tandard e q u a t o r i a l  
I t s  r ep resen ta t iveness  f o r  such purposes 
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and polar  r a d i i  a r e  c u r r e n t l y  defined t o  be 6,378,388 and 6,356,912 meters 
o r ,  equ iva len t ly ,  1.001 834 and 0.998 461 o r  1-0.001 539 n a u t i c a l  rads .  
The d e f i n i t i o n s  of these proposed n a u t i c a l  u n i t s  of length  a re  
summaried i n  Table I. 
l e n t  numbers of meters ,  s t a t u t e  f ee t  and s ta tute  m i l e s  t o  provide f o r  
conversions t o  and from d a t a  expressed i n  terms of these  c u r r e n t l y  customary 
u n i t s  of length.  
This  t a b l e  a l s o  conta ins  rounded va lues  of equiva- 
5. Naut ica l  Units of Time 
A somewhat similar need t o  i d e n t i f y  and de f ine  a new u n i t  of t i m e  
h a s  a r i s e n  i n  conjunct ion with our f r e e i n g  ourse lves  from t h e  th in - she l l  
biosphere,  
c e l e s t i a l  naviga t ion ,  i n  which i t  h a s  been found t h a t  t he  needs f o r  f requent  
and r ap id  star f i x e s  can w e l l  be served wi th  c.locks which keep sidereal 
r a t h e r  than mean s o l a r  t i m e .  It i s  a l s o  now qu i t e  evident'  t h a t  c e l e s t i a l  
techniques of naviga t ion  are l i k e l y  t o  become an inhe ren t  i f  not  indispen- 
sab le  p a r t  of a s t ronau t i c s ,  o r  hence t h a t  the  convenience of time-keeping 
wi th  the  s i d e r e a l  kind of t i m e  might become v i r t u a l l y  an a s t r o n a u t i c a l  
necess i ty .  In  add i t ion ,  t he  o r b i t a l  parameters bas i c  t o  a l l  Earth-centered 
a s t r o n a u t i c s  a r e  inhe ren t ly  associated more c l o s e l y  with the  per iod of ro ta -  
t i o n  of t he  Earth w i t h  r e spec t  t o  t he  f ixed  stars than  with e i t h e r  t h e  s i d e r e a l  
o r  mean s o l a r  kinds of t i m e .  
This need f i r s t  become evident  i n  the  development of  ae ronau t i ca l  
This need t o  de f ine  a new u n i t  of time h a s ,  i n  bas i c  e f f e c t ,  been 
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engendered by the  r ecen t  adoption 
s tandard u n i t  of t i m e .  
r e spec t  t o  the  f ixed  stars was the primary s tandard measure of  time, and 
both t h e  s i d e r e a l  and mean so la r  u n i t s  of time were defined numerically i n  
terms of t h a t  period. 
t r o p i c a l  year of 1900, however, none of the  mean s o l a r  day, t h e  mean s i d e r e a l  
day nor the  per iod of r o t a t i o n  a re  now 'Iunits" i n  t h e  s t r i c t ,  numerically 
def ined ,  sense of the  word. 
whose per iods a r e  now subjec t  to cont inua l  observa t iona l  determination. 
of t h e  ephemeris second a s  the  primary 
Previously the  period of r o t a t i o n  of t he  Earth with 
Now t h a t  t h e  primary s tandard measure of t i m e  i s  t h e  
Rather they have now become "phys ica l  constants"  
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S i g n i f i c a n t l y ,  the ephemeris second has  been def ined t o  be a 
c h a r a c t e r i s t i c  coun te rpa r t  of  t h e  now v a r i a b l e  mean s o l a r  second. 
such c h a r a c t e r i s t i c  counterpar t  has y e t  been def ined f o r  e i t h e r  t he  s i d e r e a l  
day o r  t he  period of r o t a t i o n  of  t h e  e a r t h .  To remedy t h i s  l ack ,  the 
"naut ical"  u n i t s  of t i m e  def ined i n  Table I1 are, proposed t o  serve as 
numerically and inva r i ab ly  defined u n i t s  which ?re as u s e f u l l y  c h a r a c t e r i s t i c  
as p r a c t i c a b l e  of t he  period of r o t a t i o n  of  t h e  Earth with r e s p e c t  t o  both 
the equinox and the  f ixed  stars. 
But no 
These n a u t i c a l  u n i t s  o f  time can convenient ly  be thought of as 
being i d e a l  u n i t s  of t i m e  associated with an i d e a l  p l ane t  i n  much the  same 
way t h a t  an i d e a l  gas i s  u t i l i z e d  as an e a s i l y  conceived gas whose states 
are r e a d i l y  computable, 
so t h a t  t h e r e  i s  no need t o  d i s t i n g u i s h  between e i t h e r  i t s  t r o p i c a l  and 
s i d e r e a l  yea r s  o r  i t s  s i d e r e a l  day and period of r o t a t i o n .  
i s  a l s o  conceived t o  have per iods of r e v o l u t i o n  and r o t a t i o n  such t h a t  t he  
r a t i o  of  t h e  length of i t s  year  to i t s  s o l a r  day is  e x a c t l y  equal  t o  the  con- 
v e n i e n t l y  round 365.25 r a t i o  between t h e  J u l i a n  year  and ephemeris day. 
t h a t  case e x a c t l y  one more, o r  exac t ly  366.25, of t h a t  i d e a l  p l a n e t ' s  s i d e r e a l  
days and r o t a t i o n a l  per iods (o r ,  i n  s h o r t ,  of  i t s  n a u t i c a l  days) i s  contained 
i n  i t s  year .  
That i d e a l  p l ane t  i s  conceived as being p recess ion le s s  
This i d e a l  p l ane t  
I n  
The p o t e n t i a l  u t i l i t y  of t hese  i d e a l l y  s impl i f i ed  u n i t s  of t i m e  i s  
i l l u s t r a t e d  by nautical-day eva lua t ions  of t h e  observed l eng ths  of mean 
s i d e r e a l  days and per iods of  r o t a t i o n  of  t he  Earth.  
t hey  are on ly  about 6 and 4 parts per  hundred m i l l i o n  smaller and l a r g e r ,  
r e s p e c t i v e l y ,  than the n a u t i c a l  day, and t h e s e  very small d i f f e r e n c e s  are 
o n l y  about 6 and 4 t i m e s  larger than the  temporal v a r i a b i l i t y  of the E a r t h ' s  
per iod o f  r o t a t i o n .  Consequently t h e  length of t h e  n a u t i c a l  day can w e l l  be 
used as "the" length of  e i t h e r  o r  both of t hese  per iods f o r  most p r a c t i c a l  
purposes. For purposes i n  which d i s t i n c t i o n s  are important,  t he  n a u t i c a l  
day can a l s o  w e l l  serve as a standard value t o  which only very small correc-  
t i o n s  need be appl ied t o  o b t a i n  p rec i se  va lues  of  e i t h e r  o f  t hese  per iods.  
A s  i nd ica t ed  i n  Table 11, 
The d e f i n i t i o n  of  t h e  n a u t i c a l  u n i t s  of t i m e  i n  terms of t h e  J u l i a n  
yea r  is  q u i t e  appropr i a t e  s i n c e  the  J u l i a n  year  i s  one of t he  primary standard 
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u n i t s  of  t i m e .  As summarized a t  t h e  bottom of Table 11, f o r  example, t h e  
primary s tandard measure of tiine i s  now t h e  geometric mean longi tude of t he  
Sun. 
t o  be the J u l i a n  century with which the  v a r i a b l e  T i n  Newcomb's t ime-defining 
equa t ion  i s  evaluated,  
might w e l l  be c a l l e d  "Newcomb's Law" now t h a t  a l l  measures of t i m e  are 
p h y s i c a l l y  and l e g a l l y  def ined with it. 
Hence the  primary standard u n i t  of time measure can w e l l  be considered 
P a r e n t h e t i c a l l y ,  Newcomb's equa t ion  f o r  va lues  of  T 
I n  add i t ion ,  J u l i a n  years  and c e n t u r i e s  are t h e  b a s i c  o r d i n a l  o r  
6 e n t r y  v a r i a b l e  of ephemerides. 
would con ta in  e x a c t l y  one more day per  Ju l i an  year  than t h e  ephemeris-time 
ca l enda r ,  could u s e f u l l y  and r e a d i l y  be formulated. It would provide,  
among o t h e r  t h ings ,  a convenient way of e n t e r i n g  ephemerides i n  terms of 
t h e  i n d i c a t i o n s  of whatever n a u t i c a l  time-keepers might be found t o  be 
u s e f u l .  
Consequently a n a u t i c a l  ca l enda r ,  which 
The name "naut ical"  for t h e s e  new u n i t s  of  time a l s o  seems t o  be 
q u i t e  appropriate .  A l t e rna te  names such as " i n e r t i a l "  o r  "stellar" Units  
o f  t i m e  could r e f l e c t  one, b u t  not both,  of t h e i r  dua l  c h a r a c t e r i s t i c s .  
On t h e  o t h e r  hand, "naut ical"  r e f l e c t s  both o f  t hese  c h a r a c t e r i s t i c s  s i n c e  
i t  i s  i n  a s t r o n a u t i c a l  operat ions t h a t  they both are l i k e l y  t o  be u t i l i z e d  
most f r equen t ly .  In  a d d i t i o n ,  t hese  "nau t i ca l "  u n i t s  of t i m e  are c l o s e l y  
r e l a t e d  t o  the n a u t i c a l  u n i t s  of l eng th  through t h e i r  c l o s e  mutual assoc- 
i a t i o n  with t h e  Ea r th ' s  mean sea level su r face .  The s i z e  of t h a t  su r f ace  
i s  represented by the  s i z e  of  the n a u t i c a l  u n i t s  o f  l eng th ,  and i t s  n e a r l y  
e l l i p s o i d a l  shape i s  d i r e c t l y  r e l a t e d  t o  i t s  period of r o t a t i o n  o r ,  most 
c h a r a c t e r i s t i c a l l y ,  t o  t h e  "nautical" u n i t s  of t i m e .  
6 .  Space-Time Coordinates 
I n  summary, t he  n a u t i c a l  u n i t s  of l eng th  and t i m e  have been def ined 
so t h a t  : 
0 The s e v e r a l  c i r cumfe ren t i a l  u n i t s  of length provide as near  nurnerical 
equivalences as p r a c t i c a b l e  between angular  and l i n e a r  measures of 
d i s t a n c e  on t h e  su r face  of  t he  Earth;  
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0 The n a u t i c a l  rad i s  c h a r a c t e r i s t i c a l l y  r e p r e s e n t a t i v e  of  t h e  nominal 
r a d i a l  d i s t a n c e  of  those c i r c u n f e r e n t i a l  u n i t s  of l eng th  from t h e  
c e n t e r  of t he  Earth;  and 
0 The n a u t i c a l  u n i t s  of  time are c h a r a c t e r i s t i c a l l y  r e p r e s e n t a t i v e  
of t h e  speed of r o t a t i o n  of those nominally Earth-bound u n i t s  of 
length with r e spec t  t o  the equinox, the stars and, e s p e c i a l l y ,  t he  
o r b i t a l  planes of  e a r t h - s a t e l l i t e s .  
The p o t e n t i a l  u t i l i t y  of  these c h a r a c t e r i s t i c s  are i l l u s t r a t e d  by the 
following d i scuss ion  of ways i n  which the  space-time p o s i t i o n s  of t h ings  
are coordinated on and among a wide v a r i e t y  of topographic,  weather,  aero- 
n a u t i c a l  and a s t r o n a u t i c a l  c h a r t s .  
For example, occurrences of and on the  su r face  o f  t he  E a r t h ' s  
l i t h o s p h e r e  are coordinated p r imar i ly  by t h e  h o r i z o n t a l  l a t i t u d e  and longi- 
tude coord ina te s  with which f e a t u r e s  of t h e  land are posi t ioned on topo- 
graphic  and a e r o n a u t i c a l  c h a r t s .  
as a i r c r a f t  i s  then g r e a t l y  f a c i l i t a t e d  by u t i l i z i n g  the  n a u t i c a l  m i l e  and 
knot t o  eva lua te  and coordinate  t h e i r  d i s t a n c e s  and v e l o c i t i e s  of  t r a v e l  
w i th  r e s p e c t  t o  l a t i t u d e s  and longi tudes and, thereby, w i t h  r e s p e c t  t o  t h e  
f e a t u r e s  of  t h e  land. 
The space-time p o s i t i o n i n g  of t h ings  such 
S i m i l a r l y ,  occurrences of and i n  the Ea r th ' s  atmosphere are coor- 
dinated'" by pos i t i on ing  c h a r a c t e r i s t i c  f e a t u r e s  o f  t h e  atmosphere with 
respect t o  the  l a t i t u d e  and longitude coord ina te s  of  upper a i r  "weather" 
c h a r t s  f o r  several d i f f e r e n t  barometric levels of t he  atmosphere. Again the  
use of t he  n a u t i c a l  mile and knot g r e a t l y  f a c i l i t a t e s  t he  coord ina t ion  of 
h o r i z o n t a l  d i s t a n c e s  and v e l o c i t i e s  of a i r  movement with r e s p e c t  t o  t h e  
ground, and hence of a i r c r a f t  movements with respect t o  f e a t u r e s  of both 
t h e  ground and t h e  atmosphere. 
By analogy, occurrences i n  and of  t he  space o u t s i d e  the  E a r t h ' s  
a e r o n a u t i c a l  atmosphere are soon l i k e l y  t o  be coordinated by r o u t i n e l y  
c h a r t i n g  i t s  c h a r a c t e r i s t i c  f e a t u r e s  much as t h e  f e a t u r e s  of the land and 
atmosphere are now cha r t ed .  
k inds  of  angular coordinates  of h o r i z o n t a l  p o s i t i o n s  are involved and w i l l  
f r e q u e n t l y  need t o  be intercoordinated.  I n  one, coord ina te s  such as l a t i t u d e  
In t h i s  case, however, two q u i t e  d i f f e r e n t  
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and longi tude are at tached t o  or remain a t  rest wi th  r e spec t  t o  t h e  s o l i d  
Earth.  
f e a t u r e s  of  t h e  E a r t h ' s  ionsphere, Van Allen b e l t s ,  e tc .  
coord ina te s  such as d e c l i n a t i o n  and s i d e r e a l  hour angle remain v i r t u a l l y  a t  
rest with r e s p e c t  t o  the  stars and t h e  o r b i t a l  planes of s a t e l l i t e s .  The 
in t e rcoord ina t ion  of space-time pos i t i ons  could e v i d e n t l y  be g r e a t l y  f a c i l i -  
t a t e d  by u t i l i z i n g  t h e  c h a r a c t e r i s t i c  period of r o t a t i o n  of t hese  two k inds  
of h o r i z o n t a l  coordinate  systems with r e s p e c t  t o  each o t h e r  (or ,  i n  s h o r t ,  
t h e  n a u t i c a l  u n i t s  of t i m e )  as t h e  u n i t  of t i m e  i n  both systems. 
These coord ina te s  provide f o r  convenient ly  pos i t i on ing  n a t u r a l  
On the  o t h e r  hand, 
In  comparison with ope ra t ions  w i t h i n  the  biosphere o r  even t h e  
r e l a t i v e l y  t h i n - s h e l l  atmosphere, o r b i t a l  ope ra t ions  inhe ren t ly  involve much 
wider ranges of r a d i a l  o r  v e r t i c a l  p o s i t i o n s .  Consequently the  c h a r t i n g  
of occurrences o u t s i d e  t h e  atmosphere w i l l  undoubtedly involve many more 
v e r t i c a l  c ros s - sec t ions  than has h e r e t o f o r e  been necessary,  and t h e  r a d i a l  
geometric d i s t a n c e  from t h e  cen te r  o f  t h e  Ea r th  i s  one of t h e  primary 
coord ina te s  t o  be charted on such c ross - sec t ions .  
use of number of  "Earth r a d i i "  a t t e s t s  w e l l  t o  the appropriateness  of t he  
r i g o r o u s l y  def ined n a u t i c a l  r ad  as an appropr i a t e  u n i t  of length for t h i s  
purpose. 
The frequent  contemporary 
Occurrences throughout s e v e r a l  h o r i z o n t a l  su r f aces  of near-Earth 
Many space w i l l  undoubtedly a l s o  be charted r o u t i n e l y  i n  the  near  f u t u r e .  
of  t h e s e  h o r i z o n t a l  su r f aces  a re  l i k e l y  t o  be those  su r faces  which are 
t r ave r sed  by obse rva t iona l  s a t e l l i t e s  which have been emplaced i n  as n e a r l y  
c i r c u l a r  o r b i t s  as p r a c t i c a b l e ,  
observed by such satel l i tes  could w e l l  be cha r t ed  with r e spec t  t o  some 
l a t i t u d e  and longi tude kind of  angular coordinates .  
could then serve as a bas i c  cha r t  f o r  a l l  such su r faces .  
The h o r i z o n t a l  p o s i t i o n s  of c o n d i t i o n s  
A s i n g l e  map p r o j e c t i o n  
In  t h a t  case, however, t h e  choice of  u n i t s  with which t o  i d e n t i f y  
t h e  p a r t i c u l a r  su r f ace  being charted becomes c r i t i c a l l y  important,  and t h e  
number of n a u t i c a l  r ads  from t h e  c e n t e r  of t h e  Earth could w e l l  serve t h i s  
purpose. That number of n a u t i c a l  r a d s  would be t h e  scale f a c t o r  of t he  c h a r t  
i n  r e l a t i o n  t o  t h e  s c a l e  f ac to r  of t he  most f a m i l i a r  of a l l  such c h a r t s ,  
namely c h a r t s  of t he  E a r t h ' s  mean sea level  su r face .  
of angular  and l i n e a r  d i s t ances  on t h e  cha r t ed  su r face  could then  a l s o  be 
The i n t e r c o o r d i n a t i o n  
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r e a d i l y  accomplished i n  terms of length u n i t s  such as "cha r t  degs, m i l e s  o r  
chains" .  
would be equal  t o  the  number of n a u t i c a l  r a d s  i n  the  nominal c h a r t  r a d i u s .  
Also, t he  r a t i o s  of the  lengths  of r a d i a l  and c i r cumfe ren t i a l  u n i t s  l i s t e d  
i n  Table I are the  r a t i o s  of t he  lengths  of any such "char t  radius ' '  t o  
corresponding "cha r t  degs,  m i l e s ,  cha ins ,  e tc  .'I 
The r a t i o  of each of them t o  the  n a u t i c a l  deg, m i l e  and chain 
The choice of su r faces  t o  be so observed and char ted  depends i n  
l a r g e  p a r t  upon how e a s i l y  they can be coordinated wi th  o t h e r  su r faces .  
would thus  be d e s i r a b l e  f o r  t h i s  purpose t o  e s t a b l i s h  the  o r b i t s  of obser- 
v a t i o n a l  o r  surveying s a t e l l i t e s  a t  convenient ly  round numbers of n a u t i c a l  
r ads  from the  c e n t e r  of t he  E a r t h .  A l t e r n a t i v e l y ,  and f o r  some purposes 
much more advantageously,  t h e i r  o r b i t s  could be se l ec t ed  so t h a t  t he  obser- 
v a t i o n a l  s a t e l l i t e s  would revolve around t h e  Ear th  an i n t e g r a l  number of 
t i m e s  dur ing each r o t a t i o n  of the Earth.  
It 
O r ,  more gene ra l ly ,  v e r t i c a l  p o s i t i o n s  i n  o r b i t a l  space can b e s t  
be coordinated f o r  some purposes geometr ica l ly  and f o r  o t h e r s  chronometr ica l ly ,  
and the  need t o  in t e rcoord ina te  values  of such geometric and chronometric 
v e r t i c a l  coord ina tes  i s  becoming an inc reas ing ly  important ope ra t iona l  task .  
As an i n i t i a l  s t e p  toward f a c i l i t a t i n g  t h i s  t a s k ,  Kepler ' s  Law 
a3n2 = GE ( I S ~ / E )  (6 0 1 )  
has  been used t o  compute the  values  l i s t e d  i n  Table I11 of o r b i t a l  mean 
d i s t a n c e s ,  a ,  f o r  round va lues  of o r b i t a l  per iods ,  p = l / n ,  and f r equenc ie s ,  
n ,  and v i ce  versa .  For these  c a l c u l a t i o n s ,  t he  r a t i o  m/E of a s a t e l l i t e ' s  
mass t o  the  Ea r th ' s  mass has been neglected wi th  r e spec t  t o  un i ty ,  and the  
E a r t h ' s  g r a v i t a t i o n a l  cons t an t  GE has  been assumed t o  have the  r e c e n t l y  
9 determined value of 
(6 02) 
GE = 398,603 ( I c i l ~ m e t e r s ) ~  (radians/ephemeris  second) 2 
o r ,  equ iva len t ly  , of 
GE = 290.461 (nau t i ca l  rads)3  ( r e v o l u t i o n s / n a u t i c a l  day)2 (6.3) 
Of the  o r b i t s  l i s t e d  i n  Table 111, the  one with a frequency of 
6 r evo lu t ions  per n a u t i c a l  day (or w i th  a per iod of 4 n a u t i c a l  hours)  would 
be e s p e c i a l l y  convenient f o r  space-surveying s a t e l l i t e s  from a coordinate-  
t ransformat ion  poin t  of view. Since no two such s a t e l l i t e s  would be i n  
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e x a c t l y  t h e  same o r b i t ,  t h e  c h a r t  f o r  t he  su r face  t h a t  they would be 
surveying could b e t t e r  be drawn fo r  a t y p i c a l  r a t h e r  than any "actual '  
su r f ace  and period. 
considered t o  be "2 n a u t i c a l  rad" c h a r t  on which the  l eng th  of "cha r t  degs,  
miles and chains" would each be equal t o  2 n a u t i c a l  degs,  m i l e s  and chains ,  
r e s p e c t i v e l y .  
f o r  t h i s  period i s  i t s e l f  a " typical"  approximation s i n c e  i t  has  been computed 
from Kepler 's  Law without  co r rec t ions  f o r  pe r tuba t ions  by the  Sun, the Moon 
o r  t h e  d i s t r i b u t i o n  of mass within t h e  Earth.  
Consequently a "four hour per iod cha r t "  could a l s o  be 
In  t h i s  r ega rd ,  the l i s t e d  d i s t a n c e  of 2.006 n a u t i c a l  r ads  
The one p e r  n a u t i c a l  day o r b i t  i s  e s p e c i a l l y  worthy of a t t e n t i o n .  
I f  t h i s  o r b i t  were a l s o  e q u a t o r i a l  t h e  s a t e l l i t e  would remain s t a t i o n a r y  
wi th  r e s p e c t  t o  t h e  Earth and there  would be no need t o  transform between 
o r b i t a l  and fixed-to-the-Earth coordinates .  Since such s a t e l l i t e s  encounter 
space-conditions a t  only one point  i n  Earth-bound coordinate  systems, however, 
they are n c t  very u s e f u l  f o r  surveying the  s p a t i a l  d i s t r i b u t i o n s  of  occurrences 
i n  space. 
f o r  purposes such as r e l a y i n g  communications and observing the  weather. 
nominal r a d i a l  d i s t a n c e  o f  t h i s  excep t iona l ly  important class of s a t e l l i t e s  
might w e l l  be considered f o r  most purposes as being the  convenient ly  round 
r a d i u s  of 6.625 o r  6 5/S n a u t i c a l  rads .  The d i f f e r e n c e  between t h i s  v a l u e  
and the  Kepler-Law value of 6.62261 n a u t i c a l  r a d s  i s  w e l l  w i th in  the  e f f e c t s  
of per tuba t ions  o r  t he  accuracy of emplacing sa te l l i t es  i n  o r b i t .  
Rather such s t a t i o n a r y  sa te l l i t es  are e v i d e n t l y  much more u s e f u l  
The 
S i g n i f i c a n t l y ,  t h i s  task of i n t e r r e l a t i n g  geometric and chronometric 
coord ina te s  of  ver t ica l  p o s i t i o n  i n  o r b i t a l  space i s  analogous t o  t h a t  of 
i n t e r r e l a t i n g  geometric and barometric coord ina te s  of  v e r t i c a l  p o s i t i o n  i n  
t h e  t h e  atmosphere, and t o  t h a t  of i n t e r r e l a t i n g  l i n e a r  and angular  coor- 
d i n a t e s  of h o r i z o n t a l  p o s i t i o n .  
t o  select  coordinates  and u n i t s  of length and t i m e  which w i l l  provide the  
k ind  of near  numerical equivalence between l i n e a r  and angular  d i s t a n c e s  t h a t  
It i s  e v i d e n t l y  advantageous i n  each case 
i s  provided by t h e  n a u t i c a l  u n i t s  of length.  As r e c e n t l y  pointed o u t ,  3 94 
a similar near  numerical equivalence could w e l l  be achieved by adopting t h e  
n a u t i c a l  f o o t  f o r  e v a l u a t i o n s  of geometric e l e v a t i o n s  and barometric a l t i t u d e s  
i n  t h e  atmosphere. 
of t a b l e s  of a "standard gravisphere" with which s i m i l a r l y  r e l a t e d  geometric 
and Chronometric rad ia l  coordinates  could w e l l  be def ined.  
By analogy, Table I11 seems l i k e l y  t o  be the  forerunner  
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7 .  Conclusion 
The preceding d iscuss ion  i n d i c a t e s  some of t he  p o t e n t i a l  advan- 
t ages  of using c h a r a c t e r i s t i c  u n i t s  such as the  n a u t i c a l  u n i t s  of length  
and t i m e .  As  an extreme bu t  no t  now u n r e a l i s t i c  example, c o l o n i s t s  on 
Mars would obviously f i n d  i t  p r o h i b i t i v e l y  inconvenient  t o  run t h e i r  c locks  
on Ea r th ly  ephemeris t i m e .  
of t he  per iods  of r o t a t i o n  and revolu t ion  of Mars w i l l  undoubtedly be def ined 
f o r  use i n  such co lon ie s  even before  they become colonized.  
Rather, u n i t s  of t i m e  which a r e  c h a r a c t e r i s t i c  
The obvious advantages of such c h a r a c t e r i s t i c  u n i t s  are, however, 
counterbalanced by some j u s t  as obvious disadvantages.  The most apparent 
disadvantages are (1) t h e  d i f f i c u l t y  of gaining acceptance of new, un fami l i a r ,  
u n i t s  even by those who would p r o f i t  most by t h e i r  use,  and (2) increased  
needs,  a f t e r  t h e i r  adopt ion,  t o  convert  among d a t a  expressed i n  terms of 
d i f f e r e n t  u n i t s .  
of t he  large number of sexagesimally r e l a t e d  u n i t s  of length  which might w e l l  
be used f o r  d i f f e r e n t  purposes,  and which would be d i f f e r e n t  i n  each of t he  
s e v e r a l  ope ra t iona l  r eg ions  around o t h e r  p l ane t s .  
This second disadvantage seems e s p e c i a l l y  s e r i o u s  i n  view 
This uni t -conversion problem is ev iden t ly  of primary importance 
to  those genera l  k inds  of science whose purpose i t  i s  t o  i n t e r r e l a t e  a l l  
k inds  of physical  phenomena, whether they be of sub-nuclear o r  ex t ra -  
g a l a c t i c  s ca l e .  
u n i t s  t o  be used are c h a r a c t e r i s t i c  of  any p a r t i c u l a r  one of the  mul t i tude  
of k inds  and scales of phenomena involved. 
importance t h a t  bu t  a s i n g l e  set of u n i t s  become customary f o r  eva lua t ing  
them a l l  so t h a t  they can be i n t e r r e l a t e d  wi th  as few and as convenient 
da t a -un i t  conversions as  possible .  The I n t e r n a t i o n a l  System of Units’ i s  
w e l l  s u i t e d  for t h i s  purpose s ince it i s  a l r eady  the  customary system of 
u n i t s  f o r  most s c i e n t i f i c  work. It is  a use fu l  bu t  n o t  c r i t i c a l  bonus i n  
t h i s  regard t h a t  i t s  u n i t s  of  t i m e  and mass a r e  a l s o  c h a r a c t e r i s t i c  of t he  
s o l a r  day and the  d e n s i t y  of water. 
It i s  of l i t t l e  importance f o r  t h i s  purpose whether t h e  
Rather it i s  of much g r e a t e r  
But then t h i s  i s  only one kind of data conversion problem of 
primary importance f o r  b u t  one genera l  kind of purpose. 
a s t r o n a u t i c a l  ope ra t ions ,  fo r  example, a r e  s p e c i f i c a l l y  concerned wi th  only  
Aeronaut ical  and 
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one p a r t i c u l a r  kind and s c a l e  of phenomena, and hence the  ease of comparison 
wi th  o t h e r  k inds  and s c a l e s  of phenomena a r e  of l i t t l e  d i r e c t  importance t o  
t h e i r  b a s i c  purposes. 
t h a t  c h a r a c t e r i s t i c  u n i t s  be used which w i l l  s imp l i fy  as much as poss ib l e  
t h e i r  con t inua l  day-by-day o r  even minute-by-minute d a t a  conversions among 
d i f f e r e n t  k inds  of coord ina tes  as  discussed above. 
Rather i t  is of primary importance f o r  t h e i r  purposes 
S imi l a r ly ,  t he  uni t -conversion problem i s  of more importance t o  
the  gene ra l  purposes of sc ience  than f o r  t h e  s p e c i f i c  purposes of some of 
i t s  spec ia l i zed  branches.  
as geodesy, geology, oceanography and meteorology (and a similar not-yet-  
named Earth-centered space science)  is t o  map and p r e d i c t  t he  d i s t r i b u t i o n  
of n a t u r a l  occurrences throughout t h e i r  s p e c i f i c  reg ions  of i n t e r e s t .  They, 
l i k e  ae ronau t i ca l  and a s t r o n a u t i c a l  ope ra t ions ,  a r e  thus  p r imar i ly  concerned 
wi th  t h e  ease  of t h e i r  day-by-day needs t o  convert  among the  s e v e r a l  coor- 
dinate system which are c h a r a c t e r i s t i c  of t h e i r  s p e c i f i c  reg ions  of  i n t e r e s t .  
Consequently, as i l l u s t r a t e d  by the b a s i c  geodet ic  i n t e n t  of t he  d e f i n i t i o n  
of t he  meter, t h e i r  day-by-day da ta  conversion problems can much b e t t e r  be 
served by u n i t s  c h a r a c t e r i s t i c  of t h e i r  reg ion  than by whatever o t h e r  u n i t s  
might prev ious ly  have been customary f o r  t h e i r  own o r  o t h e r  s c i e n t i f i c  pur- 
poses.  
For example, a bas i c  purpose of s c i ences  such 
Indeed, t he  establ ishment  of new c h a r a c t e r i s t i c  u n i t s  f o r  s p e c i f i c  
purposes can w e l l  be considered t o  be an important u l t ima te  purpose of 
s t anda rd iz ing  upon the  I n t e r n a t i o n a l  System of Units  f o r  genera l  s c i e n t i f i c  
work. In so fa r  as t h a t  s t anda rd iza t ion  he lps  t o  g a i n  knowledge of t he  
c h a r a c t e r i s t i c s  of s p e c i f i c  th ings  o r  r eg ions ,  so a l s o  does i t  h e l p  t o  
e s t a b l i s h  those  u n i t s  wi th  which those  s p e c i f i c  t h ings  and reg ions  can be 
most conc i se ly  and u s e f u l l y  charac te r ized .  This  process  i s  w e l l  i l l u s t r a t e d  
by t h e  way i n  which the  metric u n i t s  of length  were themselves n e c e s s a r i l y  
der ived  from measurements of the  s i z e  of t he  Earth wi th  some o t h e r ,  then 
customary, u n i t s  of length .  
e f f e c t i v e  ways of summarizing and u t i l i z i n g  hard-won s c i e n t i f i c  knowledge, 
both o p e r a t i o n a l l y  and i n  subsequent searches  f o r  more s p e c i f i c  knowledge. 
This process  i s  apparent ly  one of t he  most 
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I n  o the r  words, no one set  o r  system of u n i t s  can poss ib ly  b e s t  
serve a l l  of t h e  mult i tude of human purposes. Rather,  successes  gained i n  
a con t inua l  search f o r  u n i t s  which can b e t t e r  serve s p e c i f i c  purposes are 
i n  l a r g e  measure milestones of progress.  
o r i g i n a l  d e f i n i t i o n  of the metr ic  system of u n i t s ,  of (2) t h e  subsequent 
d e f i n i t i o n  of  t h e  primary standard measures of  length and t i m e  i n  terms of 
t h e  Krypton 86 wave length and of t h e  mean astronomical longi tude of t he  
Sun, and of (3) whatever primary s t anda rds  of measure w i l l  be found i n  t h e  
f u t u r e  t o  b e t t e r  serve the  p a r t i c u l a r  purpose of numerically de f in ing  and 
i n t e r r e l a t i n g  t h e  mult i tude of u n i t s  needed t o  serve many o t h e r  s p e c i f i c  
purposes. 
proposed he re  w i l l  prove t o  be a mi l e s tone  of progress  i n  a i r  and o r b i t a l  
ope ra t ions .  
This  i s  obviously t r u e  of (1) t h e  
Hopefully t h e  adoption of t he  n a u t i c a l  u n i t s  of length and t i m e  
It i s  thus concluded t h a t  t h e s e  n a u t i c a l  u n i t s  of length and t i m e  
should be t r i e d  i n  t h e  court-of-use i n  a e r o n a u t i c a l ,  a s t r o n a u t i c a l ,  meteor- 
o l o g i c a l  and Earth-centered space survey ope ra t ions .  There i s  good reason 
t o  th ink  t h a t  t h e i r  combination of b a s i c  metric-system r a t i o n a l e  and near  
English-system s i z e s  might w e l l  be t h e  key t o  the  u n i t s  problem which i s  
c u r r e n t l y  
a e r o n a u t i c a l  ope ra t ions .  
important s i n c e  they could w e l l  f o r e s t a l l  t he  development of a similar u n i t s  
problem between t h e  a s t r o n a u t i c a l  and space-survey a spec t s  of o r b i t a l  opera- 
t ions  . 
t he  mutually dependent progress  of meteorological  and 
Early o p e r a t i o n a l  u s e - t r i a l s  are e s p e c i a l l y  
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Table I 
NAUTICAL UNITS OF LENGTH 
[Numbers i n  braces  are the  exponents, n ,  of exponent ia l  f a c t o r s ,  lon)  
1 Naut ica l  Foot = 1/6,000 n a u t i c a l  miles  = 308 2/3 millimeters 
= 3.086 667(-1) o r  (9,489 4897-10) o r  1/3,239 741( 0 )  meters 
= 1.012 686{ 0) o r  (0.005 4748 ) o r  1/9.874 730(-1) s t a t u t e  fee t  
= 1.917 966(-4) o r  (6.282 8408-10) o r  1/5.213 857( 3) s t a t u t e  miles 
1 Naut ica l  Yard = 1/2,000 n a u t i c a l  miles = 920 millimeters 
= 9.26 {-1) o r  (9.966 6110-10) o r  1/1.079 914( 0) meters 
= 3.038 058( 0)  o r  (0.482 5961-10) o r  1/3.291 577(-1) s t a t u t e  fee t  
= 5.753 8971-43 o r  (6.759 9621-10) o r  1/1.737 952( 3)  s t a t u t e  miles 
1 Naut ica l  Chain = 1/60  n a u t i c a l  m i l e s  = 308 2 /3  decimeters  
= 3.086 667( 1 )  o r  (1.498 4897 ) o r  1/3.239 741(-2) meters 
= 1.012 686( 2 )  o r  (2.005 4748 ) o r  1/9.874 730(-3) s t a t u t e  fee t  
= 1.917 969(-2) o r  (8.282 8408-10) o r  1/5,213 857( 1 )  s t a t u t e  m i l e s  
1 Naut ica l  fIile = 1,852 meters 
= 1.852 ( 3) o r  (3.267 6410 ) o r  1/5.399 568(-4) meters 
= 6.076 l l 5 (  3)  o r  (3.783 6260 ) o r  1/1.645 788(-4) s t a t u t e  fee t  
= 1.150 779( 0) o r  (0.060 9921 ) o r  1/8,689 762(-1) s t a t u t e  m i l e s  
1 Naut ica l  Deg = 60 n a u t i c a l  m i l e s  = 111,120 meters 
= 1.111 2 4 5)  o r  (5,045 7922 ) o r  1/8.999 280{-6) neters 
= 3.645 669( 5) o r  (5.561 7772 ) o r  1/2.742 981(-6) s t a t u t e  feet  
= 6.904 6771 1 )  o r  (1.839 1433 ) o r  1/1.448 294(-2) s t a t u t e  miles 
1 Naut ica l  Quad = 5,400 n a u t i c a l  m i l e s  = 10,000,800 meters 
= 1.000 08 ( 7)  o r  (7.000 0347 ) o r  1/9.999 200(-8) meters 
= 3,281 102( 7)  o r  (7.516 0198 ) o r  1/3.047 756(-8) s t a t u t e  feet 
= 6.214 209( 3)  o r  (3.793 3858 ) o r  1/1.609 215(-4) s t a t u t e  m i l e s  
1 Naut ica l  Circ = 21,600 n a u t i c a l  miles  = 40,003,200 meters 
= 4.000 32 ( 7)  o r  (7.602 0948 ) o r  1/2.499 800(-8) meters 
= 1,312 441( 8)  o r  (8.118 0797 ) o r  1/7.619 390(-9) s t a t u t e  f e e t  
= 2.485 684( 4 )  o r  (4.395 4458 ) o r  1/4.023 038(-5) s t a t u t e  m i l e s  
1 Naut ica l  Rad = 3,437.75 n a u t i c a l  m i l e s  = 6,366,713 meters 
= 6.366 713( 6 )  o r  (6.803 9153 ) o r  1/1.570 699(-7) meters 
= 2.088 817{ 7)  o r  (7.319 9003 ) o r  1/4.787 4OOc-8) s t a t u t e  fee t  
= 3.956 092( 3 )  o r  (3.597 2664 ) o r  1/2,527 747(-4) s t a t u t e  m i l e s  
= 2.062 65 ( 7)  o r  {7.314 4256 ) o r  1/4.648 132(-8) n a u t i c a l  feet  
= 6.875 5 { 6 )  o r  (6.837 3043 ) o r  1/1.454 440(-7) n a u t i c a l  yards  
= 2,062 5 { 5) o r  C5.314 4256 ) o r  1/4.848 132(-6) n a u t i c a l  cha ins  
= 3.437 75 ( 3)  o r  (3.536 2743 ) o r  1/2.908 879(-4) n a u t i c a l  m i l e s  
= 5.729 583( 1 )  o r  (1.758 1229 ) o r  1/1.745 328(-2) n a u t i c a l  degs 
= 6.366 204(-1) o r  (9.803 8805-10) or 1/1.570 795( 0)  n a u t i c a l  quads 
= 1.591 550(-1) o r  (9.201 8203-10) o r  1/6.283 183( 0)  n a u t i c a l  c i r c s  
where 1 meter = 1,650,763.73 Kr86 Wave Lengths 
1 s t a t u t e  f o o t  = 0,3048 meters 
1 s t a t u t e  m i l e  = 5,280 s t a t u t e  f e e t  = 1,609.344 meters 
Table I1 
NAUTICAL UNITS OF TIME 
3 
(Numbers i n  braces  are the  exponents, n ,  of exponent ia l  f a c t o r s ,  10") 
1 Nautical  Day = 1/366.25 J u l i a n  Years 
= 1-0.002 730 375 426 621 ... ephemeris days 
= 1/1,002 737 850 787 132 ... ephemeris days 
= 365.25/366.25 ephemeris days 
= 86,164.10 o r  (4.935 3264 ) o r  1/1.160 576 f-5) ephemeris seconds 
1 Naut ica l  Hour = 1/24 n a u t i c a l  days = 365.25/366.25 ephemeris hours 
= 3,590.171 o r  E3.555 1151 ) or 1/2.785 383 [-4) ephemeris seconds 
1 Naut ica l  Minute = 1/1,440 n a u t i c a l  days = 365.25/366.25 ephemeris minutes 
= 59.836 18 o r  f1.776 9639 ) o r  1/1.671 230 f -2 )  ephemeris seconds 
1 Nautical  Second = 1/86,400 n a u t i c a l  days = 365.25/366 -25 ephemeris seconds 
= 0.997 269 6 o r  (9.998 8126-10) o r  1/1.002 738 ( 0) ephemeris seconds 
1 llean So la r  Day = 1.002 737 811 906 f 1 1-12] 
= 1.000 000 00 f 1 [-  8 )  
= 1.002 737 85 5 1 (- 8 )  
= 0.997 269 566 414 - 58.6 (-12)Tu 
= 1 - 97093 (-12) 59 f-12)T 
= 0.997 269 57 5 1 f -  8 )  
= 1.000 000 00 - (6k l ) f -  8 )  
f-12) 
= 1 -I- 97093 (-12) -I- 59 (-12)T 
= 0.997 269 66 k 1 E- 81 
= 1.000 000 00 + (4f1)(-  8 )  
= 1.002 737 909 265 + 58.9 ( - 1 2 ) T ~  
1 Mean S ide rea l  Day 
1 Period of Rota t ion  = 0.997 269 663 242 f 1 
where : TU = J u l i a n  cen tu r i e s  a f t e r  1900.0 of  
T = J u l i a n  cen tu r i e s  a f t e r  1900.0 of 
Feriods of r o t a t i o n  
mean s i d e r e a l  days 
ephemeris days 
n a u t i c a l  days 
mean s o l a r  days 
per iods  of r o t a t i o n  
ephemeris days 
n a u t i c a l  days 
mean s o l a r  days 
mean s i d e r e a l  days 
ephemeris days 
n a u t i c a l  days 
Universal  T ime  
Ephemeris Time 
= 3,155,760,000 ephemeris seconds = 36,525 ephemeris days 
= 3,164,400,000 n a u t i c a l  seconds 
= argument of Newcomb's de f in ing  equat ion t h a t  
= 36,625 n a u t i c a l  days 
2 
Geometric Mean Longitude of the Sun = 279°41'48".04 -l- 1296 02768".13T 4- 1I1.089T 
31,556,925.974 7 ephemeris second = Tropical  Year of 1900 January Od 12h. 
corresponding t o  t h e  d e f i n i t i o n  t h a t  exac t ly  
(Source: Explanatory Supplement t o  the  Astronomical Ephemeris 
and t h e  American Ephemeris and Naut ical  Almanac) 
Table I11 
EARTH- CENTERED KEPLER ORBITS 
0.821 0292 
= 10 1 0.150 998 
1 
= 0.058 6754 = 17.042 
= 6.622 610 = Nautical Rads of Mean Distance 
213 (Nautical Days per Revolution) 
Nautical Days per Revolution 8.768 4562- 10 = 10 
312 (Nautical Rads of Mean Distance) 
FREQUENCY 
Revs. per 
nau t ica 1 
day 
17 
16 
15 
14 
13 
12 
11 
10 
9 
& 
7 
G 
5 
4 
3 
2 
1 
time 
lh30m 
1 36 
ph 
2h24m 
2h40m 
3 
qh 
4h48m 
6 
8 
12 
Id 
2d 
3 
4 
5 
G 
7d 
14 
21 
2s 
2(28)= 56 
3(22)= 54 
4 (2S)= 112 
5 (28)=140 
G (22)= 16& 
d 
d h  *366 06 
rads 
1.002 
1.043 
1.089 
1.140 
1.198 
1.263 
1.339 
1.427 
1.531 
1.656 
1.810 
2.00G 
2.265 
2.628 
3.184 
4.172 
6.623 
10.51 
13.78 
16.69 
19.36 
21.87 
24.23 
3s. 47 
50.41 
51.07 
97 
127 
154 
179 
rads 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
3 
4 
5 
6 
7 
8 
9 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
202 j 200 
PERIOD 
Nau t ica 1 
Units of 
time 
1 24 30 
1 37 29 
1 51 04 
2 05 14 
2 19 58 
2 35 13 
2 51 00 
3 07 17 
3 24 03 
3 41 17 
3 58 59 
h m s  
h m s  
h m s  
h m s  
h m s  7 19 02 
11 15 56 
15 44 39 
20 41 47 
1f087 
1.328 
1.584 
1.&55 
5!248 
9.641 
14.84 
20.74 
27!27 
34.36 
41.98 
50.10 
58.48 
166d 
1 339 A *235.060 211d 
FREQUENCY 
Revs. per 
nau t ica 1 
day 
17.04 
14.77 
12.96 
11.50 
10.29 
9.277 
8.421 
7.689 
7.057 
6.507 
6.026 
3.280 
2.130 
1.524 
1.160 
Weriod and Distance of gravitational neutral point of the Sun and Earth 
